Introduction
The metal-mediated activation of Si-H bonds provides a direct and efficient strategy for the functionalization of organic substrates.
1 In these hydrosilylation processes, the oxidative addition of an Si-H bond to the metal center is invoked as one of the rst steps of the catalytic cycle.
2 While Si-H oxidative additions are known for metals of the nickel triad, 1b,3,4,5 H-NiSiR 3 species are less well-studied in comparison to their Pt counterparts, presumably due to their instability and high degree of reactivity.
1b The use of bulky or chelating ligands has allowed for the isolation of a number of mononuclear Ni silyl (Ni-SiR 3 ) 3a,6 and Ni silane 6a,7 complexes. However, wellcharacterized mononuclear H-Ni-SiR 3 complexes, which would be expected from the oxidative addition of an Si-H bond at Ni, are rare.
7b,8
We recently reported the preparation of a nickel-borane complex, Ni(H) (2, Scheme 1), and catalyzes olen hydrogenation.
9
Intrigued by this bifunctional reactivity and its promise for realizing 2-electron catalytic processes using late rst-row transition metals, we sought to broaden our knowledge of the reaction chemistry of 1. We reasoned that analogous H-Ni-SiR 3 species might be accessible as a consequence of the stabilizing interaction of the boron center. Herein we report the preparation of well-characterized borohydrido-Ni-silyl complexes derived from the oxidative addition of Si-H substrates to a Ni-B core and probe the mechanism of benzaldehyde hydrosilylation by 1.
Results and discussion
Preparation and solid-state molecular structures of borohydrido-Ni-silyl complexes , respectively. The previously reported equilibrium between 1 and the borohydrido-hydride complex 2 could be studied in solution. However, removal of the H 2 atmosphere resulted in rapid H 2 loss from 2 to regenerate 1, and the equilibrium process frustrated the growth of single crystals of 2 and the acquisition of X-ray structural data. Gratifyingly, the molecular structures of 3 and 4 could be determined by single-crystal X-ray diffraction and support our previous structural assignment of 2. The solidstate structure of 4 features two independent molecules in the asymmetric unit, one of which is shown in Fig. 2 . Both 3 and 4 feature a distorted square planar geometry at nickel with two trans-disposed phosphine donors, a terminal silyl group, and a hydride bridging the nickel and boron centers (Fig. 2) . The nickel centers of 3 and 4 lie slightly outside the P-Si-P plane (3: 0.036Å; 4: 0.047 and 0.085Å). The Ni-Si distance of 2.2379(7)Å for 3 and 2.2435(7)Å (avg) for 4 is in the range of other monomeric nickel complexes containing a monodentate silyl fragment (2.19-2.37Å), 6a-c,7b,8,10 The kinetics of the Si-H bond activation process dened in Scheme 1 were studied by two-dimensional exchange spectroscopy (2D EXSY).
12 1 H-1 H EXSY spectra were recorded in toluene-d 8 over a 40 K range with mixing times (T m ) of 0 ms and 700 ms. A representative spectrum is shown in Fig. 3 . The forward (k 1 ) and reverse (k À1 ) rate constants were extracted from the EXSY data and the results are shown in Table 1 . Eyring analysis of these data gave DH ‡ ¼ 3.9 AE 1 kcal mol
À1
and DS ‡ ¼ À39 AE 3 eu for the forward reaction and DH ‡ ¼ 17 AE 1 kcal mol À1 and DS ‡ ¼ À9.6 AE 3 eu for the reverse process. The analogous reaction of 1 with D 2 SiPh 2 proved too slow to be studied by EXSY. 
Catalytic hydrosilylation reactivity
In an effort to incorporate this Si-H bond activation process into a useful catalytic cycle, we examined the hydrosilylation of para-substituted benzaldehydes. Catalytic hydrosilylation of benzaldehyde with 5 mol% 1 proved facile and was accomplished in 99% yield within 6 h at room temperature ( Table 2 , entry 1). Catalyst 1 tolerated the electron-donating and electronwithdrawing groups shown in Table 2 . In contrast to the iron pyridinediimine system recently reported by Chirik, 13 the rate of hydrosilylation by 1 increased as a function of placement of more electron-donating substituents at the para position (entry 4). The hydrosilylation transformation was found to be zero order in both benzaldehyde and H 2 SiPh 2 and rst order in catalyst (Fig. 4) . The reaction solution remained transparent throughout the catalysis and mercury had no effect on the catalytic rate or the products of the reaction, consistent with a homogeneous catalytic system.
Competition experiments were carried out to explore substituent effects on the rate of hydrosilylation. For each experiment, the hydrosilylation of two equimolar substrates was monitored (1 eq. benzaldehyde A: 1 eq. benzaldehyde B: 1 eq. H 2 SiPh 2 ) using 5 mol% of 1. The Hammett correlation of the relative rates of hydrosilylation is illustrated in Fig. 5 and shows that electron-donating substituents in the para position accelerate the rate of hydrosilylation.
Catalytic hydrosilylation mechanistic studies
Typically, the transition metal-catalyzed reduction of carbonyl functionalities is mediated by Rh, Pt and other precious metals.
14 In recent years, however, there have been numerous efforts to incorporate more environmentally benign and less expensive rst row metals, such as Ti, 15 Fe, 16 Ni, 17 and Cu.
18
Mechanistic proposals for these metal catalysts generally invoke a hydride mechanism in which a metal hydride species is generated, followed by carbonyl insertion into the M-H bond to give an alkoxide complex. Three plausible mechanisms we have considered for the hydrosilylation of benzaldehydes catalyzed by 1 are outlined in Repeating the reaction under catalytic conditions (5 mol% 1) yielded spectra with signals analogous to those described above. Fig. 7 shows representative proton-coupled 13 free aldehyde, the intermediate species and the nal hydrosilylated product, respectively (Fig. 7, bottom) . Under these conditions, a small amount of a presumably off-path, unidentied Ni complex is also observed by 31 P{ 1 H} NMR spectroscopy.
In addition to the peaks corresponding to 5 and the intermediate species, there is another set of doublets centered at 12.7 ( 2 J PP ¼ 294.8 Hz) and 8.3 ppm ( 2 J PP ¼ 294.8 Hz); this species does not decay over the course of the reaction and accounts for 6% of the total phosphorus content in solution, as determined by integration at the end of the reaction. In evaluating the mechanisms and intermediates outlined in Scheme 2, the following considerations are of particular importance:
(1) A hydride resonance is observed in the 1 H NMR spectrum, ppm) is just slightly downeld of this range. We therefore believe the data to be most consistent with a borohydrido-Ni-siloxyalkyl intermediate species (cycle B, Scheme 2), as in an Ojima-type mechanism. While the aldehyde binds 1 to generate the observable adduct species 5, this species is off path and productive catalysis can proceed through the borohydrido-Ni-silyl complex 4 via the intermediate [B] in cycle B. We nevertheless caution that our ability to observe intermediate [B] does not preclude the kinetic competence of the other mechanistic cycles shown.
Conclusions
The nickel complex 1 undergoes facile Si-H bond activation to generate new borohydrido-Ni-silyl species. These complexes have been studied by multinuclear NMR and single crystal X-ray diffraction. The equilibrium process of 4 was studied by 1 H-1 H 2D EXSY spectroscopy and its kinetic and thermal parameters established. Complex 1 was found to be a competent catalyst for the hydrosilylation of para-substituted benzaldehydes and the reaction was determined to be zero order in both aldehyde and silane and rst order in catalyst. Stoichiometric reactions with [a-
13 C]-benzaldehyde were undertaken to probe the identity of a reaction intermediate and to reveal a possible catalytic reaction mechanism; based on multinuclear 1D and 2D NMR experiments, a scenario invoking a borohydrido-Ni-siloxyalkyl species is proposed. Further studies will map the scope of these and other E-H bond cleavage processes and probe their application toward organometallic two-electron chemistries better known for noble metal catalysts.
Experimental section

General methods
Unless otherwise noted, all manipulations were carried out using standard Schlenk or glovebox techniques under a dinitrogen atmosphere. Solvents were dried and deoxygenated by sparging with dinitrogen and passing through activated alumina in a solvent purication system from SG Waters USA, LLC. Non-halogenated solvents were tested with a standard purple solution of sodium benzophenone ketyl in tetrahydrofuran in order to conrm effective oxygen and moisture removal. All reagents were purchased from commercial suppliers and used without further purication unless otherwise noted. To a solution of 1 (44.5 mg, 62.6 mmol) in benzene (1 mL) was added neat H 3 SiPh (7.8 mL, 63.2 mmol). The solution was stirred 2 h at room temperature and pentane was added to precipitate an orange powder. The slurry was stirred for another 30 min and the solids collected on a glass-sintered frit. The solids were washed with pentane and dried in vacuo (36.6 mg, 71% 14 (s, 3H), 1.93 (s, 6H), À2.47 (s, 1H) . 13 C 2, 136.5, 135.0, 133.8, 133.5, 130.6, 130.0, 129.8, 129.6, 128.9, 127.0, 126.3, 25.2, 20. 2, 139.3, 137.1, 136.3, 135.6, 134.1, 133.8, 133.1, 130.5, 129.9, 129.8, 129.3, 128.9, 127.5, 127.4, 127.0, 126.3, 124.5, 25.4, 20.6 To a slurry of 1 (53.2 mg, 74.8 mmol) in pentane (15 mL) was added neat benzaldehyde (7.7 mL, 75.5 mmol). The slurry was stirred 2 h at room temperature, during which time brown-red microcrystalline material precipitated. The solids were collected on a glass-sintered frit and washed with pentane, then dried in vacuo (48.2 mg, 78%).
1
H NMR (500 MHz, C 6 D 6 ) d 7. 4H), 14H), 7H), 6.68 (d, J ¼ 4.7 Hz, 4H), 6.50 (s, 2H), 4H), 6.25 (s, 1H) , 2.35 (s, 6H), 2.07 (s, 3H). 13 C{ 1 H} NMR (126 MHz, C 6 D 6 ) d 161. 9, 145.7, 144.0, 140.0, 134.2, 132.5, 132.3, 139.6, 128.7, 126.5, 125.2, 124.7, 84.1, 26.9, 21. 
Hydrosilylation studies
In a typical experiment, a J. Young NMR tube was charged with 1 (100 mL, 0.039 M in C 6 D 6 ), substrate (20 eq. relative to 1), ferrocene (83 mL, 0.236 M in C 6 D 6 ), C 6 D 6 and frozen. Once frozen, H 2 SiPh 2 (20 eq. relative to 1) was added and the tube frozen (total volume ¼ 600 mL). Once at the spectrometer, the solution was thawed and spectra collected at regular intervals. Aer completion, the reaction mixture was then exposed to air, diluted with toluene, ltered through a plug of silica and analyzed by GC-MS. Hydrosilylation products were identied using 1 H NMR and GC-MS data in comparison to the literature data. 13, 26 To aid characterization, (1-(4-triuoromethylphenyl)-methoxy)diphenylsilane was converted to 4-(triuoromethyl)-phenyl methanol by treatment with 1 M HCl; the 1 H NMR and GC-MS data obtained agree with the literature data. Concentrations of 1 and 4-D were determined by integration of the mesityl aryl C-H resonance for the respective complexes and silane concentration was assumed to be equal to that of 1. Details concerning the calculation of the thermal parameters are given in the ESI. † 1 H-1 H EXSY study of the equilibrium of 1 and 4. 2D 1 H-1 H EXSY spectra were collected using the samples prepared for the variable temperature experiments outline above. To determine the exchange rates of the equilibrium between 1 and 4, two 2D EXSY experiments were acquired (mixing times (T m ) of 0 ms and 700 ms) at 10 K intervals from 328 K to 358 K, allowing 30 min for equilibration at each temperature. Details and a discussion concerning the extraction of the kinetic parameters are given in the ESI. †
Crystallographic information
Low-temperature single crystal X-ray diffraction studies were carried out at the Beckman Institute Crystallography Facility on a Bruker Kappa Apex II diffractometer with Mo Ka radiation (l ¼ 0.71073Å). Structures were solved by direct or Patterson methods using SHELXS 28 and rened against F 2 on all data by full-matrix least squares with using established techniques. 30 Full details are given in the ESI. †
